Exceptional quality (EQ) biosolids may be used to rehabilitate disturbed urban soils for vegetable production in urban gardens. The objectives of this study were to investigate the effects of various EQ biosolids products on urban soil properties and vegetable yield. Field research was conducted at Blacksburg, VA, in an urban subsoil fill from a nearby construction site. Three EQ biosolids products were applied biannually at agronomic nitrogen (N) rates (fall 2016-2017, and summer 2017-2018) and annually at land reclamation rates (5´ agronomic N rate; fall 2016-2017). A heat-dried and pelletized EQ biosolids product and inorganic fertilizer were applied biannually at agronomic N rate only. Biosolids increased soil C storage vs. the control by 37 to 84% after 2 yr. Soil N availability was less than expected based on previous greenhouse research even after cumulative biosolids rates. Lower N availability likely was due to low organic matter and high clay concentrations that reduced organic N mineralization. Cabbage [Brassica oleracea L. var. capitata L.] (~3.1 kg m -2 ) and Siberian kale [Brassica napus L. subsp. napus var. pabularia (DC.) Alef.] (~1.1 kg m -2 ) yields were greater with reclamation rates than with the inorganic fertilizer (1.0 kg m -2 and 0.4 kg m -2 , respectively) in fall 2017. Despite limiting soil physicochemical conditions, biosolids addition at reclamation rates showed greater potential to increase vegetable yield after 2 yr of application. core ideas
1985; Gregory et al., 2006; Beniston and Lal, 2012) . These disturbed soils are characterized by compaction, increased bulk density, reduced water infiltration rates and aeration, low water holding capacity, low organic matter content, and low fertility. Such properties limit crop growth and yields, and create major constraints for productive urban agriculture (Gregory et al., 2006; Beniston and Lal, 2012) .
Organic amendment application is one of the practices that can help restore urban degraded soils and improve plantgrowing conditions. The use of organic amendments can replenish soil organic carbon (C), which will favor microbial activity and the mineralization of essential nutrients such as nitrogen (N) and phosphorus (P) (Beniston and Lal, 2012) . Organic matter additions have helped restore soil structure by contributing to lower bulk density, and increase soil porosity, aggregation, water holding capacity, and plant-available water (Brown et al., 2011; Garcia-Orenes et al., 2005; Khaleel et al., 1981) . In addition to these benefits, organic matter application to urban soils provides an opportunity to recycle locally generated urban wastes, such as EQ biosolids products.
Exceptional quality is a term used by the wastewater industry to describe biosolids quality. Exceptional quality biosolids are treated to eliminate pathogens by processes to further reduce pathogens, reduce vectors, and lower concentrations of pollutants. Processes to further reduce pathogens include methods such as composting, thermal drying, pasteurization, and thermal hydrolysis plus anaerobic digestion (Cambi process) and result in Class A biosolids (USEPA, 2006c; Abu-Orf et al., 2012) . The designation EQ requires that biosolids must also meet alternative pollutant limit concentrations and reduced vector (e.g., flies, rodents, etc.) attraction methods (USEPA, 1994) . Such attributes permit the safe use of EQ biosolids in urban landscapes. Some EQ biosolids are mixed with sources of dry organic material, a mineral material, or both to reduce moisture content, enhance structure, and improve ease of spreading in urban areas, thus creating a more marketable product suitable for home gardening.
Biosolids have been successfully used as soil conditioners and fertilizers in forestry, agriculture, and reclamation of mine land (Brown and Chaney, 2000; Sopper and Kerr, 1982; Binder et al., 2002) . Application of biosolids in agriculture and forestry are based on N crop requirement or agronomic N rate, while biosolids applications to mine lands are performed at higher than agronomic N rates with the purpose of accelerating the rehabilitation of these disturbed lands. High biosolids application rates to mine lands may result in short-term nitrate N (NO 3 -N) leaching loss; however, such practice is typically permitted by regulation to hasten the rehabilitation of the mine land soil (Sopper, 1993; Brown and Chaney, 2000) .
Reclamation rates of EQ biosolids may benefit urban agriculture if the soil is greatly degraded. Agronomic N rates might be appropriate in less degraded urban soils, but previous studies have shown that large application rates of organic amendments (e.g., compost) to urban degraded soils consistently improve soil physical properties (Scharenbroch, 2009; Cogger, 2005) . Improved soil quality (nutrient availability, C content, enzymatic activity) and vegetative performance of a native seed mix (grasses, legumes, and forbs) were reported after high biosolids application rate (202 Mg ha -1 ) to an urban degraded soil (Basta et al., 2016) .
There are few studies that have evaluated the application of biosolids on properties of urban soils and resulting vegetable crop yield and quality. Because of the increasing importance of urban agriculture and the potential to use local EQ biosolids to improve degraded urban soils, the objectives of this study were to compare the effects of various EQ biosolids products and inorganic fertilizer on soil chemical and physical properties of an urban degraded soil, vegetable yield, and vegetable nutrient content.
MATERIALS AND METHODS

Site Description
The urban garden field research was conducted at the Virginia Tech Turfgrass Research Center in Blacksburg, VA. The site is within the USDA cold hardiness zone 6b and is designated as mountain temperate or humid continental (Daly et al., 2012) . The pre-existing site soil was excavated to a depth of 45 cm and replaced with a subsoil fill from a nearby construction site to simulate an urban degraded soil. The soil map unit description of the subsoil fill used was a Groseclose (fine, mixed, semiactive, mesic Typic Hapludults) urban land complex characterized with a clayey texture and slow permeability. The field research site was 253 m 2 (22 m long by 11.5 m wide). Fill soil was tilled several times in preparation for plot layout and vegetable planting. A tractor-mounted rear-tine tiller was used to break apart large clods of soil. Large rocks and pieces of plastic, asphalt, and trash were removed from the site, as these materials came to surface after tilling. Soil preparation was finished during the summer of 2016.
Biosolids Sources
Four EQ biosolids were evaluated in this field study. Two products were obtained from Blue Plains DC Water Advanced Wastewater Treatment Plant in Washington, DC (https:// www.dcwater.com/blue-plains). One of their products is an air-dried EQ biosolids (BLOOM), which is produced via thermal hydrolysis followed by anaerobic digestion (Cambi process). The second product from DC Water was a 0.75:1.0 blend of BLOOM and shredded, woody mulch (BM) (dry weight basis). A biosolids compost was generated by Livingston Composting in Spotsylvania County, VA, (http://www. spotsylvania.va.us/Compost) from anaerobically digested biosolids composted with woody mulch material, and identified as LBC in our study. A heat-dried, pelletized biosolids was obtained from Ocean County Utilities Authority in Bayville, NJ (http://www.ocua.com/SitePages/Home.aspx), marketed as OceanGro, and identified as OCB. 1993). Reclamation rates for mine lands typically supply five to ten times the recommended PAN for the crops to be grown.
Treatments applied at the agronomic rate were applied at the beginning of each cropping season (fall, spring), and reclamation rate treatments were applied only before the beginning of the fall cropping season. The basis for our biosolids application PAN rates were results from previous field (Gilmour et al., 2003) and greenhouse (Alvarez-Campos et al., 2018) bioassays, from which we estimated organic N mineralization rates of 30% for BLOOM, 20% for BM, 15% for LBC, and 40% for OCB. We did not include estimates of residual mineralizable N contributions for calculating second-year biosolids application rates. The rates of biosolids and associated N and P applied are shown in Table 2 .
Supplemental P and K were applied in the forms of triple super phosphate (0-46-0) and muriate of potash (0-0-60) based on soil test nutrient recommendations for adequate vegetable growth (Maguire and Heckendorn, 2017) . Application of biosolids at the agronomic N and reclamation rate supplied P in excess of the recommended rate (98 kg P ha -1 ) for vegetable growth in the initially P-deficient soil, but supplemental P was needed for reclamation rates in summer 2017 because these treatments were not applied during the summer seasons. Inorganic K fertilizer was needed to provide sufficient K throughout the experiment (93 to 140 kg ha -1 ).
Vegetable Planting and Agronomic Management
A gasoline-powered, four-stroke, single cylinder rotary tiller (23 cm tilling width and 20 cm max. tilling depth) and a digging fork were used to till the soil, incorporate the amendments within 1 wk of planting seeds or transplanting seedlings, and prepare the soil for seeding and transplanting of the vegetable crops. A rake was used to level the surface of the soil and a hoe was used to prepare the soil for planting at the appropriate depth. Selected vegetable crops represented leafy, root, and fruiting crops. Crops were planted in three rows per plot spaced ~46 cm apart.
Fall Garden
Lettuce 'Black Seeded Simpson' (Lactuca sativa L.), Siberian kale, beet 'Red Ace' (Beta vulgaris L.), and cabbage 'Storage Each biosolids product was sampled prior to field application at the beginning of each growing season and sent to Waypoint Analytical Laboratories to be analyzed for total and volatile solids (SM-2540G) (APHA, 2012a); total Kjeldahl nitrogen (SM-4500-NH3C-TKN) (APHA, 2012b); ammonianitrogen (SM-4500-NH3C) (APHA, 2012c); nitrate-nitrogen (SM-4500NO3F) (APHA, 2012d); organic nitrogen (calculation); phosphorous, potassium, sulfur, calcium, magnesium, sodium, iron, aluminum, copper, zinc (SW 6010C) (USEPA, 2000a); heavy metal concentrations (SW-6010C)(USEPA, 2000a); and pH (SW-9045D) (USEPA, 2000b) . Volatile solids were used to calculate biosolids total carbon (C). Properties of EQ biosolids products are shown in Table 1 .
Experimental Design
The field study was established in a randomized complete block design with eight fertility treatments in each block and four replicate blocks for a total of 32 plots. Treatment plots were 4.5 m 2 (1.8 m long by 2.5 m wide) and blocks were separated by a 0.6-m alley. Treatments consisted of BLOOM, BM, and LBC applied at an agronomic (1´) N rate and a reclamation (5´) N rate. The inorganic fertilizer (urea, 46% N) control and OCB were applied at the agronomic (1´) N rate only. Agronomic N rates were designed to supply plant-available N (PAN) for vegetable crop needs according to Virginia Tech Soil Testing Laboratory recommendations for natural, agricultural soils (Maguire and Heckendorn, 2017) . Reclamation biosolids application rates were based on mine land reclamation rates permitted to facilitate rapid restoration of degraded soil (Sopper, #4' were chosen for fall garden planting. Lettuce, kale, radish (Raphanus sativus L.), beet, and cabbage were grown in 2016, and only cabbage, kale, and beet were grown in 2017 because of poor germination and growth of lettuce and radish for the first year. The agronomic N requirements for these vegetables range from 84 to 140 kg N ha -1 . Inorganic fertilizer and biosolids products were applied to supply a mean agronomic N rate of 112 kg PAN ha -1 and reclamation rate of 560 kg PAN ha -1 . Treatments were applied in early August 2016 and 2017, and vegetable crops (as seeds or transplants) were planted 3 to 5 d after biosolids application and incorporation.
In 2016, lettuce and kale were planted in one row. Lettuce was planted in a 60-cm section of the row at 10-cm spacing between plants (six plants total), and kale was planted in the remaining section of the row at 30.5-cm spacing between plants (three plants total). Radish was also planted in a 60-cm section of another row, while beet was planted in the remaining section. Both root crops were planted at 6-cm spacing between plants for a total of 10 radish plants and 20 beet plants. Three 1-mo cabbage transplants were planted with 50-cm distance between plants in a single row. In 2017, cabbage, kale, and beet were planted each in a separate row, maintaining the same spacing between plants (three cabbage, six kale, and 30 beet plants per row).
Fall vegetable crops were harvested in early November 2016 and 2017. Of the cabbage, beet, radish, kale, and lettuce that were planted in the fall garden in 2016, we were only able to collect yield data for cabbage and beet because of poor lettuce germination, poor radish growth, and kale destruction by pests. Cabbage and kale heads were cut at the base with a sharp knife, and biomass wet-weights were recorded for each treatment plot. Beet roots were carefully pulled out of the ground, washed, and weighed for determination of belowground biomass.
Summer Garden
Zucchini squash 'Raven' (F1) (Cucurbita pepo L.), bell pepper 'Gourmet' (F1) (Capsicum annuum L.), and green bean 'Cosmos' (bush-type) (Phaseolus vulgaris L.) were selected for summer garden planting in 2017 and 2018. We applied the biosolids products and inorganic fertilizer at 112 kg PAN ha -1 . Treatments were applied on the third week of May and vegetable crops were planted 2 d after treatment application. All three crops were planted in a separate row. Zucchini was planted at 60-cm spacing between plants (three plants), and green bean was planted at 7.5-cm spacing between plants. Poor green bean germination in summer 2017 required thinning to 10 plants per plot (i.e., the stand count of plants in the lowest germinated plots). Green bean germination was greater in summer 2018; thus, all plots were thinned to 20 plants. The spacing between bell pepper 1-mo transplants was 50 cm (four plants). Zucchini and green bean were harvested throughout the growing season two to three times per week. Bell pepper was harvested in the first week of August. During harvest, produce was detached from the plant and wet-weight by plot was recorded.
Field Management
An electric fence powered with solar panels was installed at the beginning of the experiment to prevent rodents and deer from gaining access to the garden. Additionally, a chicken wire was installed surrounding the field site in the summer of 2017. To maintain adequate soil moisture for germination and vegetable growth during dry periods, sprinkler irrigation was used during fall 2016, and drip irrigation was used during 2017 and 2018. Throughout the experiment, pest control included use Bacillus thuringiensis to control cabbage looper (Trichoplusia ni) and hand picking and killing Mexican bean beetle and larvae (Epilachna varivestis Mulsant). Weed control was performed manually throughout the experiment, except for summer of 2018 when Segment herbicide was applied to control grass weeds.
Soil and Plant Sampling
A soil corer (2-cm diam.) was used to randomly collect eight 15-cm depth, composited soil samples from each replicate block prior to the application of treatments (August 2016) for the purpose of characterizing soil benchmark properties and identifying potential nutrient deficiencies requiring remediation. Soil samples were air-dried and sieved through a 2-mm mesh in preparation for routine soil testing analysis. Soil samples were also collected ~8 wk after treatments were applied during each growing season to determine amendment effects and nutrient requirements for the next growing season. A 2-cm diam. soil corer was used to collect eight soil samples (10-cm depth) from each treatment plot, which were mixed to obtain a single composited representative soil sample per treatment plot. Soil samples were air-dried and ground to pass through a 2-mm sieve in preparation for analyses. Zucchini and green bean harvested from BLOOM (agronomic and reclamation rates) and inorganic fertilizer treatment on several dates during summer 2018 were subsampled and frozen on transporting to the laboratory for subsequent vitamin and mineral analyses to evaluate effect of treatments on vegetable quality.
Soil and Plant Analyses
Soil Physical Properties Soil texture was determined by hydrometer method (Gee and Bauder, 1986) . Analyses of physical properties were conducted at the end of the experiment (October 2018) because physical properties generally require a longer period of time to show changes after organic amendment addition. Soil bulk density was determined by using the excavation method (Page-Dumroese et al., 1999) . Four soil samples of ~15-cm diam. and 10-cm depth were excavated from each treatment plot. The volume of the hole was determined by lining the hole with plastic and recording the amount of water needed to fill the hole. The weight of each soil sample was recorded. Approximately 50 g of soil was oven-dried at 105°C to determine the moisture content of the soil sample. This value was used to estimate the oven-dry weight of the whole sample and to calculate the bulk were rinsed with deionized water to increase their pH (>6), dried at 60°C for 24 h, and manually ground with a mortar and pestle in preparation for CN analysis.
Vegetable Mineral and Vitamin Content
Vegetable samples were sent to Exova laboratories (https:// www.exova.com/) in Portland, OR, for analysis of protein, Ca, P, Fe, Mg, Zn, and vitamins A, B2, and B6. Each sample was blended to ensure a homogeneous sample, digested, and extracted to analyzed target nutrients and vitamins. Protein content was determined using a Kjeldahl N acid digestion followed by titration (Method 981.1; AOAC, 2016a) . Calcium, iron, magnesium and zinc were obtained by acid digestion followed by flame atomic absorption spectrometry (Method 7000B; USEPA, 2007) . Phosphorus was determined by acid digestion followed by spectrophotometric reading at 400 nm (Method 965.17; AOAC, 2016b) . Vitamin B2 was obtained by liquid extraction followed by fluorometric detection (Method 970.65; AOAC, 2016c), and vitamin B6 (Mann et al., 2005) and C (Iwase, 2000) were determined by liquid extraction followed by high-performance liquid chromatography (HPLC) analysis. Ethanolic KOH saponification, liquid extraction, and HPLC analysis were used to determine vitamin A and E (Method 2001.13; AOAC, 2016d) .
Statistical Analyses
Analyses of variance and multiple comparisons (Tukey HSD) were performed with the GLIMMIX procedure in SAS 9.4 (SAS Institute, 2013) to determine statistically significant differences in vegetable yield and soil chemical parameters after EQ biosolids and inorganic fertilizer treatment applications over time. Vegetable mineral and vitamin results and soil physical parameters were analyzed for a single sampling date. Treatment differences were considered significant at the p < 0.05 level. Treatment, harvest, and soil sampling dates were analyzed as fixed effects. Data was normally distributed as determined by the distribution of studentized residuals, except for kale yield, which had to be log transformed.
RESULTS AND DISCUSSION
Soil Chemical Properties
Analysis of the benchmark soil samples produced the following results: 7.7 pH; 6.7 g TOC kg -1 ; 0.4 g TN kg -1 ; and Mehlich 1 (M1) results of 3 mg P kg -1 , 56 mg K kg -1 , 2594 mg Ca kg -1 , 656 mg Mg kg -1 , 2.3 mg Zn kg -1 , 21 mg Mn kg -1 , and 1.3 mg Cu kg -1 . The M1 extraction has been developed for application to acid soils in the southeastern United States. The initial high pH and Ca and Mg concentrations are indicative of a calcareous soil, which can occur in Virginia as a result of subsoils formed from limestone parent material that have not weathered to reach the typically acid soil pH of this region (Creggar et al., 1985) . The very low M1-P, even on amending with high applications of biosolids, further demonstrated the calcareous nature density as the oven-dry weight divided by the volume of the soil. Particle density was assumed to be 2.86 Mg m -3 because of the significant amounts of clay present in the urban soil (Schjønning et al., 2017) . Soil bulk density and particle density were used to calculate total porosity as one minus the bulk density divided by particle density (Hao et al., 2008) .
Field capacity (FC) and permanent wilting point (PWP) were determined by using pressure extraction (Klute, 1986) . Soil samples obtained via excavation method were air-dried and sieved to <2 mm to remove rock fragments, asphalt, and brick present in the disturbed urban soil. Retainer rings were placed in a ceramic plate, and ~10 to 15 g of sieved soil was place in each ring. Water was added to saturate the samples overnight, and Saran plastic wrap was used to cover the plates to prevent evaporation. The plate was placed in the pressure-plate extractor the next day and the desired pressure was applied until samples equilibrated (i.e., water flow ceases to emit from outflow tube). Field capacity was obtained by applying pressure at -33 kPa, while PWP was obtained by applying pressure at -1500 kPa. Available water holding capacity (AWHC) was estimated as the difference between FC and PWP.
Soil was analyzed for the following chemical properties: pH; total organic carbon (TOC); total nitrogen (TN); ammonium N (NH 4 -N); nitrate N (NO 3 -N); Mehlich I extractable P, K, Ca, and Mg (Maguire and Heckendorn, 2011) ; and Olsen P (Olsen, 1954) . Soil pH was determined on a 1:1 (w/v) soil to water mixture (Maguire and Heckendorn, 2011) . Soil NH 4 -N and NO 3 -N were measured in a 2.0 M KCl extract at a 1:10 soil to KCl solution ratio. The solution was extracted by shaking in a reciprocating shaker (Eberbach Corporation) at 3 Hz for 30 min. The supernatant was filtered through a 0.45-mm filter paper and analyzed through flow injection on a Lachat 8500 to determine NO 3 -N (QuikChem Method 12107-04-1-B; Knepel, 2001 ) and NH 4 -N (QuikChem Method 12-107-06-3-B; Hofer, 2003) . Mehlich 1 P, K, Ca, and Mg were extracted (4 cm 3 of soil to 20 mL of Mehlich 1 extracting solution) by the Virginia Tech Soil Testing Lab (Maguire and Heckendorn, 2011). Olsen P was determined by extracting 2 g of soil with 40 mL of 0.5 M sodium bicarbonate, shaking in a reciprocating shaker for 30 min, and filtering through a Whatman 40 filter paper (Olsen, 1954) . Olsen extractions were sent to the Virginia Tech Soil Testing Laboratory to be analyzed for P in a Thermo Elemental ICAP 6IE.
Soil TOC and TN were analyzed by combustion with a Vario MAX CN macro elemental analyzer (Elementar). Because the soil was calcareous, a hydrochloric acid (HCl) fumigation procedure was conducted to remove inorganic C and obtain organic C with C analysis (Harris et al., 2001) . The soil was ground in an electric mortar grinder RM200 (Retsch, Inc.) and HCl fumigation was performed in a desiccator where soil samples moisten to approximately field capacity were exposed to HCl fumes for 6 h. After fumigation, soil samples of the subsoil (Table 1) , for which free carbonates likely partly neutralized the acid-extracting properties of the M1 extract. Therefore, we also performed Olsen P extractions, which are more appropriate for calcareous soils. The benchmark soil Olsen P concentration was 11 mg kg -1 . Such an Olsen P soil test value is interpreted as low and in need of additional P for optimum plant growth (Franzen, 2007; Horneck et al., 2011) . Soil Olsen P and M1-P increased with EQ biosolids application over time (Table 3, 4) . Reclamation rates resulted in significantly greater Olsen P and M1-P throughout the experiment. These results were expected since much larger amounts of P were applied with EQ biosolids applications (Table 1) , while the inorganic P fertilizer was not applied once P concentrations were adequate based on soil test recommendations. There were no significant treatment effects on soil M1-K that could not be accounted for by supplemented inorganic K fertilizer addition. Extractable Ca and Mg concentrations were very high in the calcareous soil at the beginning of the study and remained so for the duration of the research (Table 3) .
The increase in soil P over time has become an environmental concern and commonly occurs where organic wastes, such as biosolids and manures, are routinely applied at agronomic N rates (Jameson et al., 2016; O'Connor et al., 2004) . Biosolids P availability and loss can be reduced by addition of ferric salts during wastewater treatment (Jameson et al., 2016) . We showed that high Fe-amended DC Water biosolids (BLOOM and BM) resulted in consistently lower soil extractable P than other biosolids products. The P retention characteristics of the soil also play an important role on the soil's ability to retain P. In our urban soil, P solubility and bioavailability were likely reduced by low soil P and high soil Ca concentrations and the Fe added with some biosolids (BLOOM and BM).
Soil TOC and TN concentrations increased over time for all treatments except in the inorganic fertilizer treatment (Table 5 ). Reclamation rate treatments gave significantly greater soil TOC and TN than all other treatments in fall 2017 and summer 2018 (Table 5) . Inorganic soil N as NH 4 -N and NO 3 -N was measured to determine the amount of N available for plant uptake and to provide an indication of organic N mineralization after biosolids application. Biosolids reclamation rates generally resulted in greater soil NO 3 -N and NH 4 -N than biosolids applied at agronomic rates and inorganic fertilizer, especially during the second fall growing season (fall 2017). This greater N availability was not maintained into summer 2018, even after large biosolids fall applications.
Our results show that there was a large amount of C accumulated in the soil after the 2-yr term of this experiment (Table 6 ). Reclamation rate application of biosolids resulted in greater C accumulation after 2 yr (18,328-23,078 kg ha -1 ; Table 6 ). The amount of C increase attributed to biosolids application ranged from 37 to 84%, with little differences between these treatments. The high percentage of soil C accumulation achieved with biosolids applications, and overall low residual soil N availability, even after high biosolids applications, suggests that microbial decomposition could have been limited. The urban subsoil used in this experiment had little residual C and N and high clay content. Such soil could have a tendency to adsorb organic matter compounds in the surface of clay minerals and Fe and Al oxides (Bingham and Cotrufo, 2016; Deb and Shukla, 2011; Kögel-Knabner et al., 2008) . High clay content could also lead to occlusion of C and N compounds within aggregates or within small pores, which would have hindered access to microbes and prevented microbial decomposition and mineralization (Bingham and Cotrufo, 2016, Griffin, 2008) .
Soil Physical Properties
Particle size analysis of the benchmark soil sample revealed that the soil's textural class was clay (630 g kg -1 clay, 150 g kg -1 silt, and 220 g kg -1 sand). Such high clay content soils, often present at new construction areas, will typically limit vegetation establishment and growth success. Soil bulk density was lower and porosity was higher with the reclamation rate treatments than with the inorganic fertilizer by the end of the October 2017
July 2018 experiment (Table 7) . Reclamation rate treatments, BM-1, and BLOOM-1 increased water-holding capacity on a weight (g g -1 ) basis at FC compared with the inorganic fertilizer and OCB treatments. Water-holding capacity at PWP did not change with any treatment application. Soil AWHC (g g -1 ) was greater with BLOOM-5, LBC-5, and LBC-1 than with the inorganic fertilizer (Table 7) . Soil physical parameters improved with reclamation rates, likely a result of high organic matter inputs with these treatments. Improvements in soil physical parameters such as bulk density, aggregate stability, available water, water holding capacity at -33 kPa (FC) and -1500 kPa (PWP), and infiltration rate have been reported after the addition of biosolids to disturbed urban soils (Bary et al., 2016; Garcia-Orenes et al., 2005) .
Vegetable Yield
There was an effect of reclamation rate treatments on cabbage yield during fall 2016, and this effect was more evident during fall 2017 (Table 8, 9) . Kale yield similarly showed greater yields with reclamation rate applications during fall 2017. Zucchini yield in 2017 was higher with the inorganic fertilizer than most biosolids amendments, except OCB and LBC-1 (Table 8 ). In 2018, zucchini yield was negatively affected by cucumber beetle (Diabrotica undecimpunctata) and blossom end rot, thus these data are not shown. The overall increase in green bean yield in summer 2018 vs. 2017 was due to improved seedling germination. Bell pepper and green bean yields increased in summer 2018 with the application of BLOOM-5 and LBC-1 (Table 8) .
Reclamation rates provided greater available N and P after their application in the fall seasons, which likely contributed to increased yields. Increased soil C from reclamation rates likely contributed to increased cabbage and kale growth by improving soil physical properties (i.e., bulk density, porosity, AWHC). Nevertheless, improved soil physical properties were not sufficient to promote adequate growth of belowground crops in our experiment as was observed by the lack of treatment effects on beet yield during both fall seasons and decrease in yield during fall 2017 (Table 8, 9) .
Most biosolids agronomic N rate applications resulted in lower zucchini yield than the inorganic fertilizer in summer 2017. Lower zucchini yield with agronomic N rate treatments likely occurred as a result of reduced biosolids N mineralization rates and fixation of NH 4 by clay minerals early in the season. Our estimates of the expected amount of organic N mineralization were based on a previous greenhouse study (Alvarez-Campos et al., 2018) and published literature (Gilmour et al., 2003; Rigby et al., 2016) ; however, the high clay content of the soil could have physically protected C and N compounds from microbial degradation and reduced N mineralization rate and N availability of these products early in the season (Bingham and Cotrufo, 2016; Griffin, 2008) .
We also expected greater improvements with agronomic N rate treatments in summer 2018 vegetable yields as a result of the cumulative rates of biosolids applied. Vegetable yield responses likely were negatively affected by reduced N mineralization and availability as a result of the clayey nature of our urban soil and lack of an established C-N cycle. A previous field tall fescue (Festuca arundinacea Schreb. subsp. arundinacea) N uptake bioassay conducted in this urban soil showed Table 5 . Soil total organic C (TOC), total N (TN), nitrate N (NO 3 -N), and ammonium (NH 4 -N) after initial (October 2016) , second year (October 2017), and final treatment application (July 2018 October 2017
July 2018 October 2017
July 2018
October 2016
October 2017
July 2018 that the lack of residual C and N from soil disturbance reduced biosolids PAN (Alvarez-Campos and Evanylo, 2019) . This study also found that N mineralization of biosolids likely was diminished because of the high clay content of this urban soil, which can physically protect organic matter from degradation.
Vegetable Mineral and Vitamin Content
The agronomic rates of biosolids products and the inorganic fertilizer were applied to supply the same amounts of PAN while providing adequate levels of P and K. Reclamation rate applications added a much higher amount of essential nutrients, thus, we anticipated a greater benefit from these treatments on mineral and vitamin content of harvested vegetables. Our results show little to no effect of agronomic and reclamation rate applications of biosolids on vegetable mineral and vitamin contents (Table 10 ). There were no treatment effects on zucchini vitamins and minerals. Only green bean vitamin A increased with BLOOM-1 when compared with the inorganic fertilizer control; however, vitamin A concentrations were much lower than average values found in the USDA nutrient database. All other treatments resulted in similar mineral and vitamin contents to those found in the USDA nutrient database.
Published results on the influence of organic amendments on mineral and vitamin content of agricultural crops have been variable. Thus, the effects of organic amendment use on vegetable mineral and vitamin contents are not clear. Several studies showed that there were no benefits of organic amendments or inorganic fertilizers in increasing mineral and vitamin contents of vegetables (Warman and Havard, 1996; Woese et al., 1997) . Warman and Havard (1996) obtained higher concentrations of minerals and vitamins in vegetables grown with organic amendments than with inorganic fertilizers in some years but not in others. In our study, we found little nutritional benefit of biosolids on vegetables compared with inorganic fertilizer despite the greater benefits of biosolids on soil physical properties, fertility, and vegetable yield. The degraded properties of our urban soil (i.e., limited N and P availability) could have reduced plant vigor and vegetable quality even after high biosolids application rates.
CONCLUSIONS
While urban soil properties can vary geographically, these soils are often highly disturbed and infertile, negatively affecting their capacity for vegetable production. Growing vegetables in our degraded urban soil was challenging largely as a result of the lack of established residual C and N cycles and the soil's high clay content, which limited organic N mineralization and availability. Despite the limiting physical and chemical conditions of our soil, the addition of biosolids at higher than agronomic Table 7 . Soil bulk density (BD), porosity, field capacity (FC), permanent wilting point (PWP), and available water holding capacity (AWHC) 2 yr after the application of exceptional quality biosolids products to an urban degraded soil. Different lowercase letters within columns represent differences between treatments.
Treatments † BD Porosity FC PWP AWHC g cm -3 % -------g g -1 ------- rates (i.e., reclamation rate) showed greater potential to increase vegetable yield after 2 yr of application. Thus, restoration of degraded urban soils will likely benefit from multiple applications of biosolids amendments at high rates, depending on the degree of soil degradation. However, larger benefits of biosolids application were observed in soil properties (reduced bulk density, greater total N and P) than in plant productivity and vegetable quality. Our research also showed that the addition of EQ biosolids amendments to a degraded urban soil might store large amounts of soil C in a short amount of time. The impacts of such practice can have potential to sequester C in urban soils. Table 10 . Mineral and vitamin testing results after the application of the inorganic fertilizer, BLOOM-1, and BLOOM-5 in the summer of 2018 and their comparison to the USDA National Nutrient Database. Different lowercase letters within rows represent differences between treatments. 
